Mycolic acids, very long-chain a-alkyl, b-hydroxylated fatty acids, occur in the members of the order Corynebacteriales where their chain lengths (C 26 -C 88 ) and structural features (oxygen functions, cis or trans double bonds, cyclopropane rings and methyl branches) are genus-and species-specific. The molecular composition and structures of the mycolic acids of two species belonging to the genus Segniliparus were determined by a combination of modern analytical chemical techniques, which include MS and NMR. They consist of mono-ethylenic C 62-C 64 (a9), di-ethylenic C 77 -C 79 (a) and extremely long-chain mycolic acids (a + ) ranging from 92 to 98 carbon atoms and containing three unsaturations, cis and/or trans double bonds and/or cyclopropanes. The double bonds in each class of mycolic acids were positioned by oxidative cleavage and exhibit locations similar to those of a-and a9-mycolic acids of mycobacteria. For the ultralong chain a-mycolic acids, the three double bonds were located at equally spaced carbon intervals (C 13 -C 16 ), with the methyl branches adjacent to the proximal and distal trans double bonds. Examination of the Segniliparus rotundus genome compared with those of other members of the Corynebacteriales indicated two obvious differences in genes encoding the elongation fatty acid (FAS-II) enzymes involved in the biosynthesis of mycolic acids: the organization of 3-ketoacyl-ACP synthases (KasA and KasB) and (3R)-hydroxyacyl-ACP dehydratases (HadAB/ BC), on one hand, and the presence of two copies of the hadB gene encoding the catalytic domain of the latter enzyme type, on the other. This observation is discussed in light of the most recent data accumulated on the biosynthesis of this hallmark of Corynebacteriales.
INTRODUCTION
Mycolic acids (a-alkyl, b-hydroxy acids), the hallmark of mycobacteria, are major and specific lipids of the order Corynebacteriales where each genus holds molecules of specific lengths, from the simplest short chain of Corynebacterium (C 26 -C 36 ) to the longest mycolic acids of the Mycobacterium genus (C 74 -C 88 ). Mycobacterial mycolic acids possess the particularity of containing various 'motifs' on the main chain, called the meromycolic chain, such as double bonds, methyl branches, cyclopropanes and oxygenated functions. and C 50 chain length specificity, respectively (Kremer et al., 2002; Slayden & Barry 2002) . Another striking example of chain length specificity is represented by the two heterodimers of the 3-hydroxyacyl-ACP dehydratases (HadAB and HadBC); HadB being the catalytic subunit, while HadA and HadC define substrate selectivity for chain elongation, up to C 40 , and long chains (up to C 50 ), respectively (Sacco et al., 2007) . Thus, similar to KasA, HadAB is most likely involved in the early FA elongation cycles, while the HadBC heterodimer is implicated in the late biosynthetic steps of the meromycolic chain of mycobacteria (Sacco et al., 2007; Marrakchi et al., 2008) .
Strains of Corynebacteriales are commonly isolated from human and environmental sources and new genera and species are often described on the basis of their mycolic acid content. Recently, the genus Amycolicicoccus was characterized by the presence of short-chain mycolic acids as in corynebacteria, though with the distinction of releasing by C 2 -C 3 cleavage a C 9 -C 11 ester and a C 20 -C 26 aldehyde (the so-called meromycolate chain). The latter chain length suggests the intervention of the elongation FAS (FAS-II) for the synthesis of the mero chain, and indeed Amycolicicoccus contains FAS-II genes whereas Corynebacterium only holds a de novo synthase FAS-I (Lanéelle et al., 2012) . Interestingly, only a single copy of the gene encoding the condensing enzyme KasA, specific for the elongation of the meromycolate chain (up to 40 carbon atoms), is found in the Amycolicicoccus genome. Likewise, a single gene encoding the substrate-selection HadA/HadC subunit is present, in addition to the catalytic subunit HadB (Lanéelle et al., 2012) . The genus Segniliparus presents a large range of chain lengths of mycolic acids from 60 to 100 carbon atoms, which are composed of the C 60 -C 88 , a9-and a-mycolic acids wellknown in mycobacteria, and the novel, extremely longchain C 90 -C 98 mycolic acids, named a + -mycolic acids (Butler et al., 2005; Hong et al., 2012) . These unusual structural features led us to elucidate the fine structures of the mycolic acids of Segniliparus rotundus in the light of its genome organization compared with those of Mycobacterium tuberculosis.
METHODS
Bacterial strains and growth conditions. The type strains of S. rotundus CDC 1076
T and Segniliparus rugosus CDC 945 T (Butler et al., 2005) were grown with shaking at 37 uC in Trypticase-Soya broth (bioMérieux) or in Middlebrook 7H9 medium both supplemented with 0.2 % (w/v) glycerol.
Isolation of mycolic acids. Whole cells were treated with a mixture of 40 % KOH and methoxyethanol (1 : 7, v/v) at 110 uC for 3 h in a screw-capped tube (Daffé et al., 1983) . After acidification, FAs were extracted with diethyl ether and methylated with an ethereal solution of diazomethane, to yield mycolic acid methyl esters (MAMEs). The mycolate patterns of the strains were determined by analytical thinlayer chromatography (TLC) on silica gel 60 (Macherey-Nagel) using either dichloromethane or petroleum ether/diethyl ether (9 : 1, v/v, five runs). Visualization was performed by spraying the plates with either molybdophosphoric acid (10 % in ethanol), followed by charring, or rhodamine B for preparative TLC. The different classes of mycolates were separated by chromatography on a Florisil column irrigated with increasing concentrations of diethyl ether (0-50 %) in petroleum ether and preparative TLC using CH 2 Cl 2 achieved the purification.
Oxidative cleavage of double bonds. Ethylenic esters were cleaved by permanganate-periodate oxidation (Von Rudloff, 1956 ). Briefly, a mixture of t-butanol (4 ml), aqueous 0.02 mM sodium carbonate (2.4 ml), distilled water (1.2 ml) and periodate-permanganate solution (2.7 ml) was added to a solution of lipids (around 5 mg) dissolved in benzene (0.6 ml). The oxidant solution contained 0.1 M sodium periodate and 0.025 mM potassium permanganate in water. The reaction was carried out in a screw-capped tube at 30 uC overnight under constant shaking. The reaction was stopped by adding sodium metabisulphite until discoloration. After acidification with a few drops of 20 % H 2 SO 4 in water, the resulting oxidation products were extracted with diethyl ether. The acids obtained from the oxidative cleavage were methylated with diazomethane and purified by preparative TLC using dichloromethane as eluent. Compounds were identified by gas chromatography coupled with mass spectrometry (GC-MS) according to their retention times and their fragmentation patterns (Odham & Stenhagen, 1972) .
Instrumentation. Infrared spectra were recorded using a Perkin Elmer model FTIR 1600 apparatus. Samples were analysed as a film between two NaCl disks. 1 H-NMR spectra of purified MAMEs were recorded at 298 K in CDCl 3 (100 % D) on a Bruker AVANCE-600 spectrometer equipped with a cryoprobe. Chemical shifts values (in p.p.m.) were relative to the internal CHCl 3 resonance (at 7.27 p.p.m.).
Matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) MS analyses of purified MAMEs were performed in reflectron mode on a 4700 Proteomics Analyser (Applied Biosystems, Voyager DE-STR) equipped with an Nd-YAG laser (355 nm) operating by pulses of 500 ps with a frequency of 200 Hz. The 2500 shots were accumulated in positive ion mode and MS data were acquired using the instrument default calibration. Mycolate samples were dissolved in chloroform, at 1 mM, and were directly spotted onto the target plate as 0.5 ml droplets, followed by the addition of 0.5 ml matrix solution. Samples were allowed to crystallize at room temperature. The matrix used was 2,5-dihydroxybenzoic acid (10 mg ml 21 ) in CHCl 3 /CH 3 OH (1 : 1, v/v) (Laval et al., 2001 ).
Electron-impact (EI)-MS, providing information on both the abranch chain and the meroaldehyde chain when cyclopropanes and oxygenated functions are present, was realized on a high resolution GCT Premier Waters apparatus, with TOF analyser and with an ionization potential of 70 eV.
GC-MS was performed on a Thermo Scientific gas chromatograph, fitted with a TG1MS fused-silica capillary column (30 m60.25 mm) and connected to an ISQ single quadrupole mass spectrometer. The electron energy was 70 eV. For GC, the temperature separation program involved an increase from 150 to 300 uC at a rate of 8 uC min 21 , then an increase from 300 to 320 uC at a rate of 10 uC min 21 followed by 10 min at 320 uC. For pyrolysis conditions, injector temperature was increased at 290 uC.
RESULTS

General structure of S. rotundus mycolic acids
The genus Segniliparus is defined on the basis of its mycolic acid content composed of a-and a9-mycolic acids (in variable amounts), in addition to unusual long-chain mycolic acids of up to 100 carbon atoms named a + -mycolic acids (Butler et al., 2005; Hong et al., 2012) . The absence of oxygenated mycolic acids in all isolates of the genus Segniliparus is a feature shared by mycobacterial species such as Mycobacterium fallax, Mycobacterium triviale and Mycobacterium chelonae/abscessus (Daffé et al., 1983; Barry et al., 1998) . The methyl esters of a + -, a-and a9-mycolic acids (Fig. 1a) The chain lengths of each class of compounds were evaluated by MALDI-TOF MS (Fig. 1b, c) . + of a-mycolates were observed at m/z 1160 and 1188 for free acids of C 77 : 2 C 79 : 2 respectively (Laval et al., 2001) . Interestingly, the mass spectrum of a + -mycolic acids exhibited an envelope of peaks ranging from m/z 1340 to 1452, corresponding to longer chains bearing three unsaturations for C 90 -C 98 free acids, in agreement with the very recent report on the a + -mycolates (Hong et al., 2012) .
The occurrence of the mycolic unit, i.e. 2-branch, 3-hydroxyl, was confirmed by C 2 -C 3 cleavage using EI-MS, which provides information on both the meroaldehyde chain and the methyl esters that constitute the a-branched chain. The detection in the EI-MS spectra of the three MAMEs of methyl docosanoate (C 22 ) and methyl tetracosanoate (C 24 ) as the main esters (m/z 74 for McLafferty rearrangement and ions at m/z 354 and 382, respectively) showed that the three mycolic acid types share the same branched chain and, as a consequence, that elongation and functional groups (double bonds and cyclopropanes) concern exclusively the meroaldehyde chain, as found in mycobacterial mycolic acids.
The 1 H-NMR spectra of the three types of MAMEs showed the characteristic resonance peaks typical of MAMEs, and are superimposable to that published very recently (Hong et al., 2012) 
Location of double bonds in the meromycolic chain
In order to locate the double bonds in the a9-, a-and a + -MAMEs of S. rotundus, the purified mycolic acids were submitted to an oxidative cleavage. A schematic representation of the expected oxidative products of a diethylenic a-mycolic acid cleaved at the proximal (P) and distal (D) double bonds is presented in Figs 2 and 3. The oxidative products of the reaction were methylated and analysed by preparative TLC. Bands corresponding to fatty acid methyl esters (FAMEs) and diesters were comparatively analysed by MALDI-TOF MS or GC-MS (Figs 2 and 3).
The location of the proximal double bond was deduced from the long-chain diesters, the so-called T-diesters (Fig.  2a) . Interestingly, the chain lengths of these fragments analysed by MALDI-TOF MS were similar for the three mycolic acid types, exhibiting molecular ion peaks [M+Na] + at m/z 703, 731, 759 and corresponding to C 41 H 80 O 5 , C 43 H 84 O 5 and C 45 H 88 O 5 free acids (Fig. 2a) . This led to the same position being assigned for the proximal double bond for the three types of mycolic acids. As this fragment contains the C 2 -C 3 mycolic unit, it undergoes a pyrolytic cleavage during GC-MS, yielding C 22 and C 24 esters on the one hand, and aldehydes on the other hand (Fig. 2b) ; the latter were characterized by a fragment at m/z M244 due to the departure of ethanal (enol form) and by their retention time in GC, the methyl branched aldehydes being more volatile than the linear homologues.
The location of the distal double bond was defined by analysing the FAMEs by GC-MS (Fig. 3 , FAME). As expected for a9-mycolates, only C 17 -C 19 linear chain esters (McLafferty rearrangement at m/z 74) were characterized by molecular ion peaks at m/z 284 and m/z 312, respectively. This is in agreement with the known structure of a9-mycolates implying a cis double bond. For amycolates, FAMEs obtained from oxidation were identified as linear esters, the most abundant being C 17 and C 19 homologues (Fig. 3, FAME) . From the a + -mycolic acid, the FAMEs obtained were composed of a mixture of linear (base peak at m/z 74) and 2-methyl branch (base peak m/z 88), C 17 and C 19 being the main representatives (Fig. 3 , FAME). The mixture of the diesters obtained in oxidative conditions is representative of the central parts of both aand a + -mycolates. These diesters were characterized as C 15 , C 16 and C 17 by their base peak at m/z 98 and the molecular ion M231 at m/z of 269, 283 and 297, respectively (Fig. 3, diester) . Interestingly, only linearchain diesters were identified, indicating that the methyl branches are mainly located in the distal and proximal positions of the a + -mycolic acid, as described for mycobacterial a-mycolic acids (Laval et al., 2008) .
These results led to the precise delineation of the structures of the three mycolic acids (a9, a and a + ) from S. rotundus by reconstructing the puzzle, notably the positioning of the double bonds of the a + -mycolic acid at equally spaced intervals on the meromycolic chain (Fig. 4) . In addition, the position of the methyl branches was predominantly observed at the proximal and distal double bonds as found for mycobacterial a-mycolic acids.
Genome sequence analysis relative to mycolic acid synthesis
With the description of the complete genome sequence of S. rotundus type strain (CDC 1076 or DSM 44985) (Sikorski et al., 2010) and that of a new mycolic acid structure typifying this genus, the search for genes involved in the mycolic acid synthesis deserves great interest. For this purpose, each of the proteins known to be involved in the mycolic acid synthesis pathway was used as a probe for a BLASTP analysis against protein database of S. rotundus (completed Segniliparus DSM 44985 proteins). The putative ORFs from S. rotundus involved in mycolic acid biosynthesis are collected in Table 1 . As expected, the fas gene encoding de novo fatty acid synthase (FAS-I) displayed 59 % identity with that of M. tuberculosis H37Rv. The genes encoding the key enzymes of the mycolic acid condensation complex were present, including the condensing enzyme Pks13 (Portevin et al., 2004) and the Pks13-substrate activating proteins, the acyl-CoA carboxylase AccD4 and the acyl-AMP ligase FadD32 (Portevin et al., 2005) ; all of them were conserved in the same cluster and with an identity of 50-60 %. The genes encoding components of the elongation fatty acid synthase (FAS-II), producing the long meromycolic chains were also identified: genes encoding the acyl-CoA carboxylase subunit (AccD6) for formation of the FAS-II extender unit malonyl-CoA, the malonyl-CoA-ACP transacylase (FabD), the initiating b-ketoacyl-ACP synthase (FabH/Kas III) and the four genes encoding the successive steps of the FAS-II cycle. The S. rotundus protein candidates involved in mycolic acid synthesis presented a relatively good identity (50-60 %) with their H37Rv M.-A. Lané elle and others homologues, with the notable exception of AccD6 (32 %) and FabH (25 %). AccD6, which was tentatively assigned to a component of the carboxylation complex, showed three matches related to carboxylase in the S. rotundus genome: Srot2980 (AccD5), Srot2766 (AccD4) and Srot2413 (AccD6), the latter showing a non-conserved environment. As inferred from the structural characterization indicating the presence of methyl branches at the distal and/or the proximal positions of a-and a + -mycolic acids, five genes encoding S-adenosylmethionine-dependent enzymes involved in the addition of methyl branch or cyclopropane on double bonds were present, showing around 62-78 % identity with those of H37Rv genes (Table 1) . A gene corresponding to the membrane transporter of trehalose monomycolate (Mmpl3) were present (48 % identity) and genes encoding three mycoloyltransferases, involved in the transfer of the mature mycolic acid on the arabinogalactan, homologous to the M. tuberculosis FbpA, B, C, were identified with 30-40 % identity. These data indicate that the putative S. rotundus proteins involved in mycolic acid biosynthesis show a relatively high sequence identity with their M. tuberculosis homologues. FadD32/Rv3801c Srot2768 54 *Five putative candidates were found in S. rotundus corresponding to the eight M. tuberculosis methyl transferases, without specific attribution.
C 60 -C 100 mycolic acids of Segniliparus rotundus
Remarkable differences were, however, observed in the organization of the FAS-II elongation clusters (Fig. 5) . In mycobacteria, fabD, acpM, kasA, kasB and accD6 (Rv2243, Rv2244, Rv2245, Rv2246, Rv2247) are adjacent genes that belong to the same transcriptional unit (Fig. 5a ). In S. rotundus, only three of them are organized in a cluster: fabD, acpP and a putative kasA (labelled Srot2736, Srot2737
and Srot2738, respectively). The absence of genes encoding kasB and accD6 is a characteristic of the fabD cluster of S. rotundus. Another kas gene (Srot0300) could be tentatively identified as kasB and is isolated from the components of the fabD cluster (Table 1) . Moreover, the two Kas proteins of S. rotundus, Srot2738 and Srot0300, presented a good sequence identity (59-57 %) with the M. tuberculosis KasA and KasB; the kasA-encoded protein Srot2738 displays similar protein size in M. tuberculosis (416 aa) and in S. rotundus (419 aa). In contrast with M. tuberculosis, where kasA and kasB are adjacent genes, the Srot0300 gene (likely kasB) is distant from the fabD cluster. The protein size (423 aa) differs from that of M. tuberculosis KasB (Rv2246, 438 aa). However, Srot2738 and Srot0300 are less similar to each other than are the KasA and KasB from M. tuberculosis. In conclusion, both KasA and KasB from M. tuberculosis display the highest identity with the Srot0300 protein, the gene of which is distant from the fabD cluster, suggesting a reorganization of the fabD cluster. The Srot0300 gene corresponds rather to kasB, after being expelled outside the fabD cluster. Based on these observations, Srot2738 would be homologous to kasA and Srot0300 to kasB.
Another remarkable point concerns the (3R)-hydroxyacyl-ACP dehydratase(s) (Hads). Mycobacterial Hads have the unique property of belonging to the hydratase-2 family in contrast with universally known bacterial FAS-II systems where the corresponding enzymes have separate roles, dehydratase (FabZ) and dehydratase-isomerase (FabA). In M. tuberculosis, three genes (hadA, B, C) organized in cluster Rv0635-0636-0637 are involved in the third step of the FAS-II cycle (Sacco et al., 2007) . HadB alone bears the characteristic 'hydratase 2 motif', representing the catalytic subunit of HadAB and HadBC heterodimers, while HadA and HadC subunits are necessary to stabilize the long acyl chain of the substrates (Sacco et al. 2007 ). The preference of HadBC for longer substrates, as compared with HadAB, strongly suggests that HadBC is involved, as previously described for KasB, in the late elongation steps of the meromycolic chains in mycobacteria (Gao et al., 2003; Bhatt et al., 2007; Sacco et al., 2007) . Protein-protein BLAST searches performed against the S. rotundus database using each of the three M. tuberculosis dehydratase subunits as a probe picked up four adjacent proteins (Table 1 ) -Srot2731c (180 aa), Srot2730c (142 aa), Srot2729c (183 aa) and Srot2728c (141 aa) -whose lengths are comparable with those of the M. tuberculosis Had subunits HadA (158 aa), HadB (142 aa) and HadC (166 aa). Interestingly, both Srot2728c (141 aa) and Srot2730c (142 aa) show 52 % identity with the HadB subunit, while Srot2729c (183 aa) and Srot2731c (180 aa) exhibit only 35-37 % identity with HadA or HadC subunits (Table S1 , available with the online version of this paper). Moreover, the region of the catalytic hydratase 2-motif present only in HadA, but not in HadB or HadC, is strictly conserved in both Srot2730c (11 aa/17 aa) and Srot2728c (14 aa/17 aa) but is not observed in the two others (Fig.  S1 ). The genomic organization of the dehydratase subunit genes suggests that these genes are organized in two pairs separated by 245 bp: the Srot2731c/Srot2730c on one hand, and Srot2729c/Srot2928c on the other hand; the two genes of each pair are overlapping (Fig. 5b) . The occurrence of two different dehydratases with two different catalytic subunits is a unique feature of Segniliparus.
Search for kas and had orthologues in other mycolic acid-containing Corynebacteriales (mycolata)
To gain insights into the respective roles of kas and had during the formation of the meromycolic chain, the presence of these genes was sought in the genomes of representative 'mycolata' (Table 2 ). In Corynebacterium, short-chain mycolic acids are present and their synthesis results from the simple condensation of two acids (C 8 -C 18 acids). As expected, none of the genes belonging to the FAS-II elongation system is found in the genome. Although Amycolicicoccus contain similar short-chain mycolic acids (C 32 -C 36 ), the meromycolic chain and ester from the *hadA and hadB genes are fused in N. farcinica (Nfa51180). DB1 and B2 represent S. rotundus copies of the hadB subunit.
C 60 -C 100 mycolic acids of Segniliparus rotundus a-branch that compose the mycolic acid are significantly different in chain length: C 20 -C 26 for the meromycolic chain and C 9 -C 11 for the ester. As a consequence of the size of the mero-chains, the presence of protein orthologues of KasA and HadA/HadB, specific for 'short' chain elongation, is not surprising (Lanéelle et al., 2012) . The same observation could be made for Rhodococcus and Nocardia where mycolic acids are composed of C 22 -C 30 and C 32 -C 42 mero-chains, respectively, and where these orthologues have been characterized. A specific feature of the genus Nocardia concerns the hadA and hadB genes that are fused in a unique ORF. The absence of kasB and hadAB/hadBC in these genera, in contrast with M. tuberculosis (C 52 -C 64 mero chain), is in agreement with the size of the meromycolic chain of other 'mycolata'. Remarkably, in Segniliparus, which displays a large mero-chain, a more complex organization of the elongation genes could be observed associated with the unique profile of mycolic acids (Table 2) . It would be informative to compare the occurrence of kasB in classes of mycobacteria containing or not oxygenated mycolic acid. In this respect, the Mycobacterium chelonae/abscessus complex was considered because their mycolic acids exclusively consist of a-and a9-mycolic acids . On the other hand, Mycobacterium marinum was examined as a reference for a mycolic acid content comparable to that of M. tuberculosis in terms of a-, keto-and methoxy-mycolic acids (Daffé et al., 1983 (Daffé et al., , 1991 . A survey of the kas and had gene organization from the available M. abscessus and M. marinum genomes points to the absence of the second kas gene in the fabD cluster of M. abscessus as in Segniliparus, while the same gene organization is found in M. marinum and M. tuberculosis (Table 3) .
DISCUSSION
Informative approaches for understanding the mycolic acid biosynthesis consist of the comparative study of the structure of these long-chain acids relative to their genome organization. Novel species containing mycolic acids are regularly isolated from human and environmental sources and according to their mycolate content, their taxonomic position is defined. Among these species, the recently described genus Segniliparus was defined on the basis of the mycolic acid pattern composed merely of non-oxygenated mycolic acids and remarkably, by a large range of chain lengths from 58 to 100 carbon atoms (Butler et al., 2005; Hong et al., 2012) . The coexistence of a + -mycolic acids (C 90 -C 98 ) containing three unsaturations and a-and a9-mycolic acids, led us to precisely locate the double bonds and investigate putative genes involved in the formation of the mero-mycolic chains in comparison with those of mycobacteria.
For this purpose, the mycolic acids of S. rotundus and S. rugosus were purified and characterized by analytical chemistry, which included NMR and MALDI-TOF MS. Mycolic acids of the genus Segniliparus consist of two pools of mycolic acids, one corresponding to the 'classical' mycobacterial mycolic acids, i.e. a9-mycolic acids, C 62 and C 64 as main homologues and bearing one cis double bond, and a-mycolic acids C 77 and C 79 bearing two unsaturations identified as cis and trans double bonds for the main homologues. The second pool consists of the very longchain mycolic acid (a + ) (Hong et al., 2012) , defined as free acids from C 90 to C 98 (odd and even) with three unsaturations in the meromycolate chain, the latter bearing methyl branches adjacent to the double bonds (Fig. 4) . The occurrence of three unsaturations on the mero-chain is not an unprecedented feature in mycobacteria. Small amounts of unusually long tri-unsaturated mycolates have been described in M. tuberculosis H37Ra, M. bovis BCG, M. microti (Minnikin, 1982; Watanabe et al., 2001 Watanabe et al., , 2002 and M. fallax (Rafidinarivo et al., 1985) . To address the question of the precise location of the double bonds, the mycolic acids were submitted to oxidative degradation to yield the formula for the main members of the three mycolic acids (Fig. 4) . Interestingly, the three double bonds are regularly spaced around 14-17 methylene units apart and the methyl branches are found at both proximal and Table 3 . Genome organization of the fabD and had clusters in representative species of mycobacteria either containing or devoid of oxygenated mycolic acids Mycolic acid types (in parentheses) are a9, a and a + ; M, methoxy; K, keto. 'Out' indicates that the gene is outside the cluster. 2, Gene not found.
distal positions adjacent to the double bonds. It has been previously demonstrated that the regular spacing of functional groups in mycobacterial mycolic acids facilitates folding and packing in monolayer studies (Villeneuve et al., 2005 (Villeneuve et al., , 2007 . This folding ability is important in allowing mycolic acids to be accommodated within the dimensions of the mycobacterial outer membrane, revealed for the first time by cryo-electron microscopy (Zuber et al., 2008) . It is probable that an analogous outer membrane is present in Segniliparus. A traditional transmission electron micrograph is interpreted as showing such an outer membrane (Hong et al., 2012) , but clear proof for such an organelle necessitates using a proven technique such as cryo-electron microscopy. The regular spacing of the Segniliparus mycolate functional groups might allow characteristic folding of each mycolate class, the a9-, a-and a + -mycolates having the potential to pack with three, four or five parallel chains, respectively. The novel five-chain packing potential of the a + -mycolic acids may be designed to specifically moderate the structure and permeability of the cell envelope of Segniliparus.
The genome of S. rotundus has been recently sequenced (Sikorski et al., 2010) , so the organization of the genes of the mycolic acid pathway was examined compared with that of M. tuberculosis (Table 1) . All the known genes involved in mycolic acid synthesis (Marrakchi et al., 2008) display a good identity with M. tuberculosis except for the FAS-II-initiating condensing enzyme KasIII (FabH, 25 % identity) and acetyl-CoA carboxylase subunit AccD6 (32 %). More importantly, however, striking differences were observed in the S. rotundus cluster organization of FAS-II proteins, namely for Kas and Had. Two distinct bketoacyl-ACP synthases (KASs) operate in the mycobacterial FAS-II pathway for extension of the meromycolate chain, KasA and KasB, shown to express different activity in synthesizing chain lengths up to C 40 for KasA and C 60 for KasB (Schaeffer et al., 2001; Kremer et al., 2002; Slayden & Barry, 2002) . We acknowledge that KasA and KasB function independently on separate sets of substrates and KasB is required for the full extension of the mycolic acids. The role of KasB was proposed to participate in the elongation of the products of KasA and it has been shown that the deletion of kasB produces mycolic acids with shorter chain (2-4 carbon atoms) (Gao et al., 2003) . This subtle difference could be explained by the activity of KasA when KasB is absent. A decrease in the amount of ketomycolic acid was also observed in a DkasB mutant of M. tuberculosis (Bhatt et al., 2007) . In M. tuberculosis, fabD, acpM, kasA, kasB and accD6 are adjacent genes that belong to the same transcriptional unit (Fig. 5a ). This order is conserved in other mycobacteria such as M. smegmatis and M. marinum (Table 3 ). In contrast, only fabD, acpM and kasA are adjacent in S. rotundus but part of the cluster starting from kasB (Rv2246) up to Rv2255c is absent (Fig.  5a ). Srot2738 and Srot0300 were characterized and displayed a good protein identity (57 and 64 %, respectively) with both KASs of M. tuberculosis (Table 1 ). The gene Srot2738 was labelled kasA as it was located directly downstream of the acp gene (acpM) and could participate in the formation of short-chain a-meromycolates. On the other hand, another kas gene (Srot0300, putatively kasB) was isolated from the cluster and found in a non-conserved environment (Table 1) . The different genomic environment of the two S. rotundus putative kas genes suggests that their action may no longer be coordinated or that important KasA/KasB protein-protein interactions may be lost. It is interesting to underline that in mycobacteria containing oxygenated mycolic acids (M. tuberculosis, M. marinum and M. smegmatis) the fabD cluster (fabD, acpM, kasA, kasB and accD6) is highly conserved. In contrast, in species devoid of oxygenated mycolic acids (S. rotundus, M. abscessus) the kasB gene is outside of the cluster (Table 3 ).
Another remarkable difference concerns the dehydratase family, HadAB and HadBC. These mycobacterial Had enzymes have the unique property of belonging to the hydratase-2 family, in contrast with universally known bacterial FAS-II dehydratases where the corresponding FabZ-and FabA-type enzymes have separate activities (Marrakchi et al., 2002) . In M. tuberculosis, HadB alone bears the characteristic 'hydratase-2 motif' and could be considered as the catalytic subunit of both heterodimers, while HadA and HadC subunits would be necessary to stabilize the long acyl chain of the substrates (Sacco et al., 2007) . Both heterodimers of HadAB/BC show a preference for long-chain substrates (¢C 12 ), with HadBC displaying a marked specificity for longer substrates (Sacco et al., 2007) . The association with HadA most likely confers to HadB the ability to deal with the early elongation cycles in mycobacteria as well as in genera bearing relatively shortchain mycolic acids (Amycolicicoccus, Rhodococcus and Nocardia) and where a KasB orthologue is also absent (Table 2 ). This strongly suggests that HadBC is involved in the late elongation steps of the meromycolate chains in mycobacteria, as described for KasB (Gao et al., 2003; Bhatt et al., 2007) . However, the existence of two different catalytic dehydratase subunits (HadB1 and HadB2 corresponding to Srot2730c and Srot2728c) with two different HadA/C (HadA Srot2731c and HadC Srot2729c) for chain specificity, is an original feature of the genome of S. rotundus.
The differences in the organization of the elongation region, mainly Kas and Had, and the specific mycolic acid content of Segniliparus led us to conclude that for the C 90 -C 98 mycolic acid biosynthesis, there is a possible intervention of the specific KasB and of one of the dehydratases at the origin of the third fragment of the mero-chain ethylenic bond. KasB (Srot0300), in association with the S. rotundus-specific dehydratases, could participate in the elongation of the chain, either by their specificity for different chain lengths or by addition of alkyl units in a mechanism of 'head to tail' condensation, with these condensations occurring at a specific chain length to introduce the double bond at the determined positions (Yasuhiro & Goldman, 1965; Bordet & Michel, 1969;  
